The factors that determine the spread of current on the skin and in the tissues of the human body during the application of electrical current by means of surface electrodes are examined by the use of approximate three-dimensional mathematical models and supporting measurements.
The ability to selectively apply current to a particular target organ or nerve is of importance in the use of surface electrodes in several clinical applications. Applications where surface electrodes are extensively used include Functional Neuromuscular Stimulation (FNS), Transcutaneous Electrical Nerve Stimulation (TENS), External Cardiac Pacing, and Defibrillation. The focus of this work is on FNS, a therapeutic technique which uses electrical stimulation of selected nerves to produce controlled movement of paralyzed limbs in individuals who have lost such control through spinal cord injury.
The feasibility of using surface electrode FNS for the restoration of both upper and lower body movement has been demonstrated. However the overall problem of designing the stimulation patterns and electrode configurations that would give the best controlled movement with the least detrimental effects is complex and diverse and the subject of ongoing research.
Surface electrodes provide a simple noninvasive means of applying current to the body. The spread of current from such electrodes is of particular interest because its prediction plays a central role in two aspects of FNS: (a). the design of surface elec-trodes that would be able to supply a current sufficiently high to stimulate deep seated nerves and yet maintain the surface current density within acceptable limits, and (b). the selection of the electrode configuration that would be most suitable for the stimulation of a particular nerve.
The in situ surface current distribution is difficult to measure noninvasively, but previous research on the distribution of temperature increases under surface electrodes and measurements on physical models have confirmed the nonuniformity of the current distribution as predicted by approximate theoretical models. Such models play an important role in parametric studies to aid the design of surface electrodes with a more uniform distribution of surface current density.
The objective of this work is to fill some gaps in the current knowledge of the factors that determine the current density distribution and provide guidelines for improving the design and use of surface electrodes. The models used here are chosen to represent to various degrees of accuracy some salient features of the body and of typical surface electrodes. Two novel measurement techniques are described. A noninvasive in vivo measurement technique derives the surface current density from the voltage distribution on the back of a conductive rubber electrode applied to the body. An in vitro electrochemical staining technique provides a visual imprint of the surface current density distribution on the surface of chemically treated phantom tissue. The measurements serve both to determine appropriate parameters for the chosen models and to provide measured data to test how well the models predict observable phenomena.
A quasistatic three-dimensional near-field model is used to examine the parameters that determine the surface current distribution. The model gives a prediction of the surface current distribution for a number of surface electrode designs. The effects of electrode shape, electrode conductivity, and feed configuration (application of current to a resistive electrode) as well as the influence of the electrical properties of the body on the current distribution are examined.
The body is represented by a homogeneous semi-infinite resistive medium. A rectangular electrode model is developed which permits modification of the electrode thickness profile and variations in the feed position. The Laplace equation describing the quasistatic current density distribution is solved by combining a Finite Difference solution for the field in the electrode with a Moment Method solution for the field in the body.
The results obtained with the near-field model confirm those obtained by others who have used different methods. The factors that determine the extent of the edge effect (current crowding at the electrode perimeter) and the feed point effect (hot spots close to the external feed wires of resistive electrodes) are quantified. It is shown that hot spots can occur close to the feed region both with central and edge feed design if the feed area is not well designed. A taper of the electrode thickness and/or conductivity can improve the current distribution of resistive electrodes. The computed current density for some commercially available conductive rubber electrodes is compared to measured data.
In a second model the current density distribution due to multiple electrodes is examined by a numerical solution for an arbitrary number of coplanar disk electrodes on a homogeneous half-space. The effect of the proximity of two electrodes on the surface current distribution and the field distribution at points remote from the electrodes are examined. A comparison is made to fields produced by point sources and a criterion is established beyond which the current density is independent of the electrode shape and size.
The range of validity of the basic assumptions underlying the use of Laplace's equation namely quasi-stationarity (which allows one to safely neglect the time delays involved in field propagation) and linearity of the tissue properties are discussed.
A substantial part of the theoretical analysis is devoted to the development of efficient methods for the numerical evaluation of the elements of the Moment Method impedance matrix. A number of useful asymptotic (large parameter) approximations are derived for the current distribution.
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POLYETHYLENE OXIDE/POLYSILOXANE
INTERPENETRATING POLYMER NETWORKS FOR BLOOD CONTACT
Polyethylene oxide (PEO), because of its low levels of protein and cellular adsorption, may provide a thromboresistant coating for blood contacting devices. Interpenetrating polymer networks (IPNs) of polyethylene oxide and a substituted polysiloxane were synthesized containing: (a) variations of PEO content (0-65%0 dry network weight); (b) PEO systematically varied from low to high molecular weight (2000, 8000, and 20,000) ; and (c) siloxane oligomers which acted as crosslinking units for both polymer networks. Bulk and surface network properties and their interrelationship were analyzed. Blood compatibility was studied using a systematic approach consisting of in vitro, ex vivo, and in vivo assays and the results related to material characteristics.
The junctional network component, poly(glycidoxy propyl methyl-dimethyl siloxane), P(GMS/DMS), was synthesized from poly(hydromethyl-dimethyl siloxane) and allyl glycidyl ether via a platinum catalyzed hydrosilation reaction. Product structure and purity was characterized by SEC, elemental analysis, epoxy titration, Karl-Fisher assay, infrared (IR), IH and 13C NMR spectroscopy. The average number of epoxy groups per molecule (the average functionality) was five.
IPNs were synthesized via a boron trifluoride catalyzed reaction which resulted in ring opening of the P(GMS/DMS) epoxy groups producing both endlinking of PEO hydroxyls and simultaneous polymerization to form polyether substituted polysiloxane sequences. Bulk property characterization revealed low levels of extractables, near complete epoxy group conversion, water contents which ranged between 11 and 72%, significant PEO crystallinity, and characteristic hydrogel tensile properties. Surface chemical analysis by ESCA demonstrated improved PEO surface coverage with increasing PEO content and molecular weight. This observation and the relative enhancement of surface silicon content with respect to the calculated bulk value were interpreted in terms of free energy minimization and chain overlap. Topographical examination by SEM revealed the presence of spherulites on surfaces of dehydrated networks composed of high PEO content and molecular weight. When hydrated,
